The He(I) photoelectron spectra of succinonitrile (1) and glutaronitrile (2), both with extensive overlap of ionization bands in the low-energy region, are reported. To assign ionizations, we studied the conformational behaviour and resulting ionization energy dependence of 1 and 2 computationally with the B3LYP/6-31+G(d) model chemistry based on the fact that it reliably reproduces the ionization potentials of eleven mono-and di-nitriles, both saturated and unsaturated. The correlation of proton affinities with observed ionization potentials of 1, 2, and malononitrile establishes the orbital sequence of four CϵN π orbitals followed by two nitrogen lone pair orbitals as the highest occupied molecular orbitals for all three compounds.
Introduction
This study was prompted by a request for the ionization potentials (IPs) of succinonitrile (1) , which were needed for a comparison with those from 1,2-dicyanocyclopropanes (1) . As explained in the following, the interpretation of the photoelectron (PE) spectrum of 1, as well as that of glutaronitrile (2) , turned into the comprehensive study reported here.
Two major problems have been reported with respect to the assignment of ionizations in nitriles. Firstly, Koopmans' theorem (2) seems to break down when model chemistries do not include electron correlation, which affected earlier analyses that made use of semiempirical or Hartree-Fock methods (3) . Secondly, hole-mixing effects are reported to potentially further complicate the assignment of ionization events, even though the valence region seems to be little affected (4).
We expected to be able to make use of the methodology that we developed for the reliable calculation of ionization potentials of carbenes (5) . The first ionization potential can be readily obtained as the difference in energy between a molecule and its radical cation at the geometry of the molecule (first vertical IP, IP v,1 ) or the optimized radical geometry of the cation (first adiabatic IP, IP a,1 ). Once the difference between the IP v,1 and the energy of the highest occupied molecular orbital (HOMO) is added onto the energies of all occupied molecular orbitals, "calculated IPs" are obtained that can be compared to those obtained from a PE spectrum. Because the correlation between the two sets of IPs is usually of high accuracy, with both slopes and correlation coefficients of a linear regression close to 1.0, the calculated values are of tremendous aid in the interpretation of a PE spectrum in the case of multiple overlapping bands. A goal of this study was, therefore, to evaluate whether the lowenergy ionizations of nitriles could be calculated reliably at the B3LYP/6-31+G(d) level of theory, as this model chemistry is highly efficient. Numerous PE spectra of nitriles are published and available for comparison with computational data and we chose nitriles 3-13 for our study because of their widely varying electronic structures.
In the following, we first evaluate the B3LYP/6-31+G(d) model chemistry for the determination of the low-energy ionization potentials of eleven nitriles, 3-13, whose PE spectra are available in the literature. Next, the PE spectra of 1 and 2 are reported for the first time (to the best of our knowledge) and the assignment of their ionization bands is discussed with particular emphasis on the molecular flexibility and its implications. Finally, the matter of the relative position of π and n type ionizations in the dinitrile series, malono-(13), succino-(1), and glutaronitrile (2), is addressed.
Experimental and computational details
The He(I) photoelectron spectra were recorded on a locally built instrument (6) . Linearity of the scale was ensured through calibrations with iodomethane (9.54 and 10.16 eV) (7) and nitrogen (15.60 eV) (7) performed prior to the experiments. To remove water from succinonitrile and glutaronitrile (both purchased from Sigma-Aldrich), samples were pumped in the PE spectrometer at elevated probe temperatures (50-60°C) and the process was followed by monitoring the PE spectra until the prominent ionization of water at 12.62 eV (7) had disappeared and no further change between subsequent spectra was discernible. The final spectra (averages of 20 scans) were also run with a probe temperature of 50-60°C with nitrogen as an internal calibrant as well as make-up gas (8) to increase the pressure and improve the signal-to-noise ratio.
All calculations were performed using the Gaussian 98 (9) or Gaussian 03 (10) suite of programs. Geometries of the (protonated) nitriles were fully optimized with the Becke3 (11) -Lee, Young, and Parr (12) hybrid density functional (B3LYP) with the 6-31+G(d) basis set; only indicated torsional angles were frozen in the torsional analyses. All minima were confirmed by harmonic vibrational frequency analyses and wave functions were checked for stability. Synthetic spectra were generated with a Fortran program PESPEC (13) . The temperature was set to 300 K and ionization potentials are convoluted with a Gaussian line-shape with a full width at half height of 0.2. Molecular orbitals were plotted using GaussView 3.0 (14) . All energies, total and otherwise, used in the calculation of ionization potentials and proton affinities are given in Table S1 in the Supplementary Information. 
Results and discussion

Ionization potentials of nitriles 3-13
We decided to use the already published PE spectra of eleven mono-and di-nitriles, saturated and unsaturated, to evaluate our methodology for the calculation of ionization potentials (5). The prominent low-energy ionizations from n and π orbitals of 3-13 and ionizations from the onset of the σ-region reported in the literature are given in Table 1 . We have calculated the first vertical ionization potentials (IP v,1 ) of 3-13. These are also given in Table 1 together with the calculated orbital energies ε and calculated IPs (obtained as explained in the introduction and in a footnote in Table 1 ).
As can be seen from Table 1 , our calculated values for IP v,1 are within 0.5 eV of the experimental values and in many cases the deviation is significantly less. Overall there is a very good agreement between experimental and calculated IP v,1 with a correlation coefficient R 2 of 0.9664. Individual plots of calculated vs. experimental IP v for mononitriles 3-5 (10 data points) and alkenes 6-9 (25 data points) suggest that two of the values reported in the literature should be revised. In Fig. 1a , the fifth ionization for propionitrile (5) , reported at 14.25 eV (7) and indicated with the symbol ×, is more likely to be at 13.8 eV and a close reexamination of the PE spectrum seems to confirm this. This suggested shift, pointed out by the arrow in Fig. 1a , improves the correlation coefficient from 0.9781 to 0.9884. In  Fig. 1b , the third ionization for alkene 9, reported at 13.35 eV (indicated with the symbol ×) (15) , should probably be at a smaller value. While the onset of the second band in the PE spectra of alkenes 6-8 is sharp and starts from the baseline, there seems to be a shoulder on the low-energy side of the second band in the PE spectrum of 9, indicating a somewhat broader ionization band under the one given at 12.77 eV (15) . We suggest that the third ionization should then be located at 12.8 eV instead, which improves the correlation coefficient from 0.9684 to 0.9818.
In Fig. 2 , we show the plot of calculated vs. experimental IP v with the previously mentioned revised values for nitriles 3-13. With a slope of close to one and an intercept near Data points given with the symbol × were included in the correlations only after they were shifted as indicated by the arrows.
zero, this correlation demonstrates that our choice of model chemistry reliably reproduces the vertical ionization potentials of nitriles. Neither a larger basis set (6-311+G(2d,p)) nor a switch to the Perdew-Burke-Ernzerhof (PBE0) (18) functional with either basis set produced a significant improvement over the results presented here (we performed calculations on selected nitriles only; the results for IP v,1 are given in Table S2 in the Supplementary Information).
2
Photoelectron spectra of 1 and 2
The recorded photoelectron spectra of 1 and 2 are reported in Fig. 3 . Owing to the relatively low vapour pressure of both 1 and 2 even at 50-60°C, nitrogen was used as a make-up gas during the acquisition of the spectra. The intense first ionization of nitrogen at 15.6 eV is cut off arbitrarily in both spectra in Fig. 3 . Both spectra exhibit extensive overlap of multiple ionization bands in the low-energy region (below 15 eV for 1 and below 13.5 eV for 2) and an interpretation of the spectra is only possible with the help of computational results. Accordingly, the assignment of the observed bands for 1 and 2 is performed in the following sections, taking the calculated ionization potentials and conformational flexibility of the molecules into account. The resulting interpretation in terms of low-energy ionization bands of 1 and 2 is given in Tables 2 and 3 and as vertical bars in Fig. 3 .
Interpretation of the PE spectra of 1 and 2
While nitriles 3-13 do not possess conformational flexibility (apart from methyl group rotations that are irrelevant for our purposes), 1 and 2 can exist in several conformations and this can affect the appearance of the PE spectra if the conformers are close in energy and their orbital energies differ sufficiently (19, 20) .
Succinonitrile (1)
The conformations of 1 have been studied computationally with ab initio methods as early as 1978 (21), with even earlier work on its torsional potential (22) . For 1, a 1,2-disubstituted ethane, two low-energy conformations can be identified, antiperiplanar 1ap and synclinal 1sc. While 1sc (C-C-C-C torsional angle is 69°with B3LYP/6-31+G(d), 75°from experiment (23)) is the form present in the solid below -43.7°C (24, 25) , in the gas phase we calculate a destabilization with respect to 1ap of 1.2 kcal/mol (B3LYP/6-31+G(d) based on either electronic energies or Gibbs free energies, 1 cal = 4.184 J) in line with an early prediction (25) . We find a similar destabilization of 1.1 kcal/mol with B3LYP/6-311+G(2d,p) and PBE0/6-311+G(2d,p) model chemistries, thus confirming that the smaller basis set is adequate for the description of 1. The energy difference leads to an equilibrium population of 78% 1ap and 22% 1sc (combined amount for the two indistinguishable conformers +sc and -sc) at 300 K, which is in excellent agreement with the 74% ap equilibrium at 170°C found by electron diffraction in the gas phase (23) . Table 2 gives the calculated orbital energies and ionization potentials of 1ap and 1sc and it is obvious that even a small amount of 1sc in the equilibrium should influence the appearance of the PE spectrum of 1. To assess the IP dependence on the change in torsional angle that converts 1ap into 1sc, we have performed a relaxed potential energy scan twisting the C-C-C-C torsional angle through 180°and optimizing the rest of the molecule. The plot is shown in Fig. 4 for the first six calculated IPs (energies for HOMO to HOMO-5 shifted so that the HOMO energy for a torsional angle equals its first vertical ionization potential), which correspond to ionizations from the characteristic nitrile π and n orbitals. Orbital energies and calculated IPs for the different torsional angles are given in Table S3 in the Supplementary Information.
2 Figure 4 demonstrates the predicted significant changes in IPs upon twisting of 1. Plots of the molecular orbitals of the C 2h -symmetrical 1ap are given in Fig. 5 The fitted potential for the torsion in 1 is shown in Fig. 6a and we have simulated the PE spectrum of 1, given in Fig. 6b , based on this potential and the six IPs given in Fig. 4 . A comparison between the experimental and the simulated spectrum shows good agreement in the low-energy part and it can be seen that six ionizations lie under the first two broad bands in the experimental spectrum of 1 (Fig. 3a) . As well, the simulated spectrum suggests that the first ionization in Fig. 3a should not be attributed to the maximum of the first band (12.5 eV) but rather to a shoulder on its low-energy side at 12.3 eV. The first adiabatic IP (IP a ) of 1 is at 11.9 eV (Fig. 3a) and so the experimentally determined energy gap between first IP a and IP v of 0.4 eV matches the calculated one (the IP a calculated for 1ap from 0-K enthalpies is 11.52 eV).
The final band assignment for the ionizations of 1 is given in Table 2 and their position as vertical bars in Fig. 3a . As a final note, and keeping in mind that the discrimination in count rate between high-and low-energy electrons is different for the two spectrometers used, our spectrum of 1 resembles that of trans-1,2-dicyanocyclopropane (14) (1) with one fundamental exception. The major difference is caused by the stabilization of HOMO and HOMO-1 of 1 as compared to these orbitals in 14 by 0.8 and 0.5 eV, respectively, because in 14 π CN coefficients on the two nitrile groups are combined with two high-lying Walsh orbitals of the cyclopropyl group, ω S and ω A . The stabilization of the two orbitals in 1 leads to a shift of the first two ionizations towards higher potentials and the subsequent extensive overlap Note: See the included structures for the naming of the conformers. a Difference in electronic energy between a molecule and its radical cation at the geometry of the molecule. b Obtained by a uniform shift of all orbital energies so that the HOMO energy matches the calculated IP v,1 . Table 3 . Vertical ionization potentials and orbital energies (eV) of 2. of bands in the spectrum of 1 that is not present in the spectrum of 14.
Glutaronitrile (2)
For 2, a 1,3-disubstituted propane, there are two torsional angles and conformations can be described as antiperiplanar (a) or synclinal/gauche (g) for either substituent (26) or using the trans (T) and gauche (G) notation in the older literature (27) . The four possible conformers for 2 from B3LYP/631+G(d) electronic energies are 2gg (global minimum), 2ag (+0.4 kcal/mol), 2aa (+1.0 kcal/mol), and 2gg -(+3.8 kcal/mol). From these relative stabilities, with a statistical weight of two for a gg and four for an ag conformer, at 300 K the equilibrium is composed of 48% 2gg, 47% 2ag, and 5% 2aa. The conformer 2gg -is too high in energy to contribute significantly. 3 An approximately equimolar mixture of 2gg and 2ag was also reported from an electron diffraction study at 448 K in the gas phase, but evidence for the presence of a small amount of 2aa was not found (28) . The MO sequence in the C 2 -symmetrical 2gg is π
Pictures of the orbitals are similar to those given in Fig. 5 . Some of these combinations are lost in 2ag and π and n orbitals are localized on the individual CN groups, π + CN , π CN , π CN , π -CN , n N , n N . Table 3 shows that orbital energies for the two conformers are very similar. To simulate the PE spectrum of 2, two torsional angles would have to be considered, a CN-C-C-C that converts 2gg into 2ag and another for conversion of 2gg into 2aa. We have checked the orbital energy dependence on the CN-C-C-C torsional angle that relates the two major contributors, 2gg and 2ag. Not surprisingly, we find the dependence to be sim- ilar to that in 1 but less pronounced (plot not shown). For these reasons we have not simulated the PE spectrum of 2.
With its onset (IP a ) at 11.7 eV and its maximum (IP v ) at 12.0 eV (Fig. 3b) , the slope of the first ionization band is similar to that in the spectrum of 1. Unlike for 1, though, the adiabatic first IP for 2 is more difficult to assess computationally. A radical cation with a geometry close to that of 2gg does not exist at the B3LYP/6-31+G(d) level and removal of an electron from 2gg and geometry optimization leads to the transition state for a double hydride transfer instead. The calcd. IP a for 2ag (for which the optimized radical cation is a proper minimum) is 11.04 eV and with calculated IP v values of 11.45 for 2gg and 11.36 eV for 2ag, the width-at-half-height of the first ionization band should be as is found experimentally. Overall, because of the similar IPs of 2gg and 2ag the presence of a second major conformer, be it 2gg or 2ag, is not detectable. Because 2aa only contributes 5% to the equilibrium, its presence would only be noticeable if its first ionization potential were considerably lower than those of 2gg and 2ag. Table 3 shows that this is not the case. The final band assignment for the ionizations of 2 is given in Table 3 and their position as vertical bars in Fig. 3b .
Lone pair ionizations in dinitriles 1, 2, and 13
The question of which are the lone pair ionizations in 1 and 2 is easier to answer than in malononitrile (13), for which several orbital sequences have been given (4, 17, 29, 30) . For 1, the two n N ionizations are degenerate at a C-C-C-C torsional angle of 90° (Fig. 4) and so the orbital energy dependence confirms the assignment given in Fig. 5 . For 2, the two functional groups are far enough apart that they show hardly any interaction and consequently the energy gap between π and n ionizations (0.7 eV calculated for 2gg) is similarly pronounced as those in the mononitriles 4 and 5 (0.9 eV calculated). In contrast, the reported order of orbitals and peak assignments for the first six ionization bands in 13 varies from π, π, n N + , n N -, π, π (29) to π, π, π, n N + , n N -, π (17) to π, π, π, π, n -, n + (4); i.e., the potentials for the lone pair ionizations are progressively increased.
Staley et al. (30) have shown a linear correlation between the proton affinity (PA) of a nitrile and its n N ionization potential. While the data points for most mononitriles investigated (among these 3-6) fall close to the correlation line, the two IPs for the dinitrile 13 (n N + and n N -) are 6 and 10 kcal/mol too small when the original orbital sequence from Stafast and Bock (29) is used (30) . This, among other reasons, led to a reassignment of the orbital order (17) . We decided to use a similar correlation that would include 1 and 2 to confirm the orbital sequences we determined earlier.
Calculating the proton affinity as the difference between the 0-K enthalpies of the neutral and protonated molecules (for our purposes we can ignore temperature effects (31)), we find a good linear correlation (y = 1.419x -82.83, values in kcal/mol, R 2 = 0.9945, raw data are given in Table S4 in the Supplementary information) 2 between calculated and experimental PAs for the mononitriles 3-6. From this, our calculated PAs for 1ap (176.2 kcal/mol) and 2gg (182.6 kcal/mol) give estimated experimental PAs of 182.5 and 187.0 kcal/mol, respectively. With these values, Fig. 7 allows the confirmation of the assigned lone pair ionizations in 1 and 2. It shows good linear correlation between the experimental n N ionization potential (Table 1 ) and the experimental PA of nitriles 3-6 (30) . Superimposed are the first six ionization potentials of 1 and 2 at their estimated experimental PAs. Clearly, IPs around 13.5 eV for 1 and around 13.2 eV for 2 lie close to the regression line, confirming our assignment of these IPs to n N orbitals. In addition, Fig. 7 seems to support the orbital assignment of Cambi and von Niessen for 13, with four π orbitals followed by two n N orbitals (4) . At an experimental PA of 178.0 kcal/mol, the fifth ionization, attributed to the higher-lying lone pair combination, lies close to the correlation line. The orbital sequence of 13 is thus in perfect agreement with that given above for both 1 and 2.
Conclusions
We have presented the He(I) photoelectron spectra of succinonitrile (1) and glutaronitrile (2) . Even though the low-energy regions of both spectra exhibit extensive overlap of bands, it is possible to assign individual bands with the aid of calculated ionization potentials. Both 1 and 2 exhibit four π orbitals followed by two nonbonding orbitals as the six highest occupied molecular orbitals. This orbital sequence was also established for the related malononitrile.
Finally, for nitriles of varying electronic structure (monoand di-nitriles, either saturated or unsaturated), the B3LYP/6-31+G(d) model chemistry allows vertical ionization potentials to be reproduced reliably. A violation of Koopmans' theorem for dinitriles is not found with this density functional theory method. 
